Exposure of cells to a variety of stresses such as heat, radiation and xenobiotics leads to increased expression of heat-shock proteins (HSPs). HSPs protect cells against irreversible protein damage and are involved in adaptive responses to stress stimuli. Some HSPs are overexpressed in neoplasias, possibly contributing to the increased drug tolerance often observed in such lesions. We have studied HSP expression in two experimental rat hepatocarcinogenesis models. Our aim was to clarify whether they are involved in stress adaptation in hepatocytes during carcinogen exposure, and whether HSPs may contribute to xenobiotic resistance in preneoplastic lesions. The complete carcinogen 2-acetylaminofluorene (AAF) was used in a continuous feeding protocol, and in the resistant hepatocyte model where the growth of diethylnitrosamine initiated lesions is efficiently promoted. Of the HSPs tested, only heat-shock protein 27 (hsp27) was induced during continuous AAF exposure. After 4 weeks of feeding AAF, increased hsp27 expression was noted in hepatocytes in perivenous areas of the liver lobule, possibly mediating an adaptive response to stress caused by reactive AAF metabolites. Enzyme altered preneoplastic foci were not found to overexpress HSPs. Thus, HSP induction does not seem to be a general mechanism underlying the increased stress tolerance observed in such lesions.
Introduction
Heat-shock proteins (HSPs) belong to an evolutionarily conserved group of stress proteins that are preferentially synthesized in cells exposed to various stresses such as heat, radiation, anoxia and xenobiotics. Both under normal conditions and during stress, HSPs act as chaperones that aid in protein folding and aggregation, and in transmembrane transport (1) . Members of the major HSP families (HSP 104, 90, 70, 60 and small HSPs) are located in different subcellular compartments and can all suppress irreversible protein denaturation. Under heat-shock conditions, concomitant induction of several different chaperones seems necessary to convey thermotolerance. In addition, overexpression of HSPs has been found in various tumour tissues and has, in some cases, been shown to confer drug resistance (2) . It is conceivable that increased HSP expression in preneoplasias and neoplasias may confer stress resistance and thus contribute to the growth advantage observed in such lesions. Furthermore, the pattern of HSP induction may reveal mechanisms of cytotoxicity in cells exposed to toxins.
The aromatic amine, 2-acetylaminofluorene (AAF), is commonly used in experimental liver carcinogenesis. During tumour promotion AAF inhibits the growth of normal hepatocytes, whereas initiated hepatocytes are resistant to this mitoinhibitory effect (3) and expand clonally to form enzymealtered foci and, later, nodules (4, 5) . Metabolites of AAF react with multiple components of the cells including DNA, and may thereby cause cellular stress and adaptive responses, which can affect cell proliferation and survival. Whereas AAF mediated initiation is related to levels of DNA adduct formation, the relation between DNA adducts and promotion remains uncertain (6) . Continuous exposure to moderate doses of AAF efficiently induce tumours in rat liver, but does not induce overt liver toxicity as judged by oxygen radical formation or liver morphology (7, 8) . The possible contribution of non-genotoxic stress to the promoting capacity of AAF is not known.
To clarify the involvement of stress responses in early phases of carcinogenesis, we studied the expression of HSPs in two liver carcinogenesis models, both involving AAF. During continuous feeding of AAF, the involvement of HSPs in stress adaptation of uninitiated hepatocytes was studied. HSP expression in initiated cells was studied in enzyme-altered preneoplastic lesions, which develop during long-term AAF feeding, and in the resistant hepatocyte model (RH model). In the latter model, diethylnitrosamine is used for initiation followed by feeding AAF and partial hepatectomy (PH) for efficient promotion of initiated lesions (4). We found that hsp27 was involved in the hepatocellular stress response to long-term AAF exposure. During AAF exposure, hsp27 was selectively induced in perivenous hepatocytes, whereas the expression of other HSPs was not altered. No HSP induction was observed in enzyme-altered preneoplastic foci.
Materials and methods

Animals, feeding and operational procedures
Young adult male Fisher 344 rats (Charles River Wiga, Germany) were kept on a 12 h light/dark cycle and given water ad libitum. Two experimental models were employed. In the first model, animals weighing 210-240 g were fed either a control diet (purified, semi-synthetic diet C-1000, Altromin, Lage, Germany) or the same diet supplemented with 0.02% (w/w) AAF (melting point 192-196°C, Aldrich Chemical, Steinheim, Germany) for a period of a maximum of 13 weeks. Animals were killed by bleeding under CO 2 anaesthesia after 1, 2, 3, 4, 6, 8 and 13 weeks. In the second model, animals weighing 190-210 g were treated according to the RH model for efficient induction of enzyme-altered foci (4). The animals were given an i.p. injection of diethylnitrosamine (200 mg/kg body wt, Sigma Chemicals, St Louis, MO) under a light anaesthesia (hypnorm dormicum: 0.16 mg midazolam, 6.25 µg fentanyl and 0.31 mg fluanizon). Three weeks after the injection, a 70% PH was performed under a combined general and local anaesthesia (hypnorm dormicum and 0.2 mg lidocain). During a period of 7 days prior to and 7 days subsequent to PH, animals were fed an AAF-supplemented diet as described above. Control animals were kept on a control diet and sham operated. Animals were killed by bleeding under pentobarbital anaesthesia (70 mg) at days 2, 3, 5, 7, 10 and 14 after liver resection. In both experiments there was a minimum of three treated animals and one control for each timepoint. The experiments have been conducted in accordance with the laws and regulations concerning experiments in live animals in Norway. Protein electrophoresis and western blot analysis Liver tissue for western blot analysis was immediately snap frozen in liquid nitrogen and stored at -70°C. Frozen liver tissue from animals on a continuous AAF diet was homogenized in a 50 mM Tris-HCl buffer, pH 8.0 [containing 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.01% thimerosal and 1 mM phenylmethylsulfonyl fluoride (PMSF)]. Protein concentrations were measured by Bio-Rad DC protein assay (Bio-Rad, Hercules, CA), adjusted to 10 g/l in a 60 mM Tris-HCl buffer, pH 6.8 (containing 10% glycerol, 3% sodium dodecyl sulphate, 1 mM EDTA, 1 mM PMSF, β-mercaptoethanol at a final concentration of 5%, and bromophenol blue) and boiled for 5 min. The homogenates were electrophoresed on denaturing gels, permanently stained with Coomassie blue, and compared by densitometric quantitations with a Magiscan computerized image analysis system (Applied Imaging, Gateshead, UK).
Homogenates from animals that had received the same treatment were pooled, proteins were separated by denaturing SDS-PAGE and electrotransferred to nitrocellulose membranes for subsequent protein immunodetection following standard procedures (9, 10) . Nitrocellulose membranes were blocked in 5% fat-free dry milk and incubated with primary antibodies diluted in 1% fat-free dry milk with 0.01% thimerosal overnight at 4°C. The following primary antibodies were used (from StressGen Biotechnologies, Victoria, Canada): Rabbit antisera to hsp27 (SPA-801, diluted 1:3000), hsp32 (SPA-895, diluted 1:20 000), hsp60 (SPA-804, diluted 1:100 000) and grp78 (SPA-826, diluted 1:10 000), and mouse monoclonal antibodies to hsp72 (C92F3A-5, diluted 1:500) and hsp90 (AC88, diluted 1:60 000). A goat polyclonal antibody to hsp73 (K-19, diluted 1:10 000) was purchased from Santa Cruz Biotechnology (CA).
After washing, horseradish peroxidase conjugated goat anti-rabbit immunoglobulin G (IgG, diluted 1:5000; Sigma), donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA; diluted 1:4000) or donkey anti-goat IgG (Jackson ImmunoResearch; diluted 1:10 000) were added for 2 h. Immunobinding was detected by the enhanced chemiluminescence (ECL) method and exposure to Hyperfilm-ECL (Amersham Laboratories, Buckinghamshire, UK). Immunohistochemistry Liver tissue for immunohistochemistry was prepared from the median lobe, covered with OCT (Miles, Naperville, IL), snap frozen in liquid nitrogen and stored at -70°C. Cryostat serial sections of 8 µm were dried overnight, fixed in absolute ethanol and processed for two-colour immunofluorescence as previously described (11) . After a 10 min wash in phosphate-buffered saline (PBS), sections were dipped in deionized water, dried and incubated overnight at room temperature with different combinations of primary antibodies.
All antibodies to HSPs utilized for western blotting were also tested for immunohistochemical reactivity. Performance testing on sections from different rat tissues determined the optimal dilutions to be anti-hsp27 (1:200), antihsp60 (1:50), anti-hsp72 (1:10), anti-hsp73 (1:20) and anti-grp78 (1:50). Anti-hsp32 and anti-hsp90 did not show consistent immunohistochemical staining. To identify cell types and hepatolobular areas that expressed hsp27, the polyclonal rabbit antibody to hsp27 was applied to sections in combination with the following mouse monoclonal antibodies to specific cellular markers: anti-keratin K19 (K4.62, Sigma; diluted 1:100, identifies bile ducts and oval cells), anti-keratin K18 (RPN.1160, Amersham; diluted 1:50, stains hepatocytes, bile ducts and oval cells), anti-desmin (RPN.1101, Amersham; diluted 1:20, recognizes Ito cells and smooth muscle cells of the portal arteries) and anti-glutamine synthetase (Transduction Laboratories, Lexington, KY; diluted 1:50, expressed in a subpopulation of hepatocytes immediately surrounding the central veins).
After washing procedures, binding of primary antibodies was detected by incubation at room temperature for 30 min with fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit IgG (diluted 1:80) and Texas Red conjugated donkey anti-mouse IgG (diluted 1:80) or Texas Red conjugated donkey anti-goat IgG (diluted 1:50), all from Jackson ImmunoResearch Laboratories (West Grove, PA). Hoechst 33258 was included in the last washing step for identification of nuclei, and the sections were mounted in buffered polyvinyl alcohol (pH 8.5).
To identify HSP expression in enzyme-altered preneoplastic foci, antibodies to HSPs were combined with a rabbit antiserum to the placental form of Lysates were made from whole liver at indicated times of feeding, subjected to SDS-PAGE and electrotransferred to nitrocellulose membranes. Hsp27, hsp32, hsp60, hsp72, hsp73, grp78 and hsp90 were detected in protein blots by binding of specific antibodies. C, lysate from control liver.
glutathione S-transferase (GSTp, diluted 1:50; Biotrin International, Dublin, Ireland). For the combination of rabbit anti-GSTp and rabbit anti-HSP antibodies, sections were first incubated with rabbit anti-HSP followed by FITC-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch; diluted 1:80). Subsequently, the anti-GSTp antibody was applied followed by rhodamine (TRITC)-conjugated swine anti-rabbit IgG (diluted 1:40; Dako, Glostrup, Denmark). With this procedure, binding of HSPs was detected by both FITC and rhodamine labelling, whereas GSTp positive foci were labelled solely with rhodamine. This procedure allowed identification of HSP-negative enzyme altered foci, but could not distinguish between HSP-positive foci and HSP expression in surrounding tissue. Therefore, a neighbouring section stained solely for GSTp, was used for identification of all GSTp-positive foci.
As controls for cross-reactivity of the secondary reagents, either one or the other primary antibody was omitted from the staining sequence. Confocal laser scanning microscopy Stained slides were examined with a Nikon Labophot microscope (Nikon Corporation, Tokyo, Japan) that contained an epifluorescence attachment and was equipped with a Bio-Rad MRC 600 confocal laser scan unit with a krypton/argon laser, a K1 double dichroic excitation filter block and K2 dichroic emission filter block (Bio-Rad Microscience Division, Hertfordshire, UK). This combination allowed simultaneous detection of FITC and Texas Red/ rhodamine fluorescence. A Polaroid Freeze-Frame unit (Polaroid Corporation, Cambridge, MA) was attached for photographic documentation of acquired images.
Results
Expression and localization of HSPs in normal rat liver
All the studied HSPs (hsp27, hsp32, hsp60, hsp72, hsp73, grp78 and hsp90) were identified in normal rat liver by immunostaining of western blots with specific antibodies (Figure 1, lane C) . The localization of the various HSPs was studied with two-colour immunohistochemical staining. Antikeratin K18 was used for identification of hepatocytes, whereas anti-keratin K19 identified bile ductular cells and anti-desmin identified Ito cells as well as smooth muscular cells of the portal vessels. Co-staining for keratins and HSPs (data not shown) showed expression of hsp60, hsp73 and grp78 in untreated hepatocytes, whereas the levels of hsp27 and hsp72 were below the immunohistochemical detection limit. In addition, hsp27, hsp60 and grp78 were observed in nonparenchymal cells. The antisera to hsp32 and hsp90 proved unsuited for immunohistochemical staining.
Expression of HSPs during continuous AAF exposure
During continuous dietary AAF exposure, a gradually increasing expression of hsp27 was noted by western blot analysis Tissue sections were fixed in ethanol and incubated with specific antibodies Photomicrograph shows localization of hsp27 immunostaining to hepatocyte to hsp27 and GSTp. Two GSTp (red emission) positive enzyme-altered plasma membranes, cytoplasm and nuclei. Arrow points to a hsp27-positive preneoplastic foci are shown, both negative for hsp27. Bar ϭ 100 µm. nucleus. C, central vein.
( Figure 1 ). Increased hsp27 expression was noted from 4 weeks of AAF feeding, and high levels were prominent from 6 weeks. The levels of hsp32, hsp60, hsp72, hsp73, grp78 and hsp90 did not show consistent variations throughout the feeding period (Figure 1) .
The localization of hsp27 was investigated by two-colour immunohistochemical staining with an antibody to hsp27 combined with cellular markers as described above. Staining for keratin K19 and glutamine synthetase, an enzyme that is highly expressed in hepatocytes surrounding the central veins, were used for identification of periportal and perivenous areas of the liver lobule, respectively. During continuous AAF exposure, we observed an early increase in hsp27 labelling of sinusoidal lining cells (Figure 2A) , and later an induction in hepatocytes ( Figure 2B ). The intensity of the hsp27 staining in hepatocytes increased notably after 3-4 weeks of AAF exposure, which is in accordance with the western blotting results. The increase in hsp27 immunolabelling of hepatocytes was observed solely in perivenous liver areas ( Figure 2B) . In perivenous hepatocytes, hsp27 was detected along the 1561 hepatocyte plasma membrane, in the cytoplasm and in large granules of several nuclei (Figure 3) .
HSP expression in enzyme-altered preneoplastic foci
Two experimental models were used to promote the development of preneoplastic enzyme-altered foci: long-term continuous AAF feeding and the RH model developed by Solt and Farber (4) . In both experimental models, a slight proliferation of oval cells and Ito cells was observed in periportal areas. The expression of hsp27, hsp60, hsp72, hsp73 and grp78 was studied in GSTp-positive foci from animals fed AAF for 93 days, and from animals killed 14 days after PH in the RH model. Serial sections were stained for HSPs and GSTp, either separately or by double staining, to compare HSP expression in preneoplastic foci and surrounding tissue. More than 60 foci were examined for each HSP. We found similar expression of HSPs in foci and surrounding tissue (data not shown). Special care was taken to examine hsp27 expression in GSTp-positive foci located near the central veins, as hsp27 was induced in these areas. Therefore, Ͼ30 additional foci with a perivenous localization and diameters Ͼ100 µm were compared with surrounding tissue for their content of hsp27. None of the perivenous foci examined showed an elevated expression of hsp27 ( Figure 4) .
Discussion
In the present work, we studied the expression of HSPs as potential markers of cytotoxic stress in hepatocytes during exposure to the hepatocarcinogen AAF. Also, we wanted to clarify a possible role for HSPs as mediators of xenobiotic resistance during the promotion of preneoplastic foci. Induction of hsp27 was demonstrated in perivenous hepatocytes and in non-parenchymal cells during long-term AAF exposure, whereas the levels of hsp32, hsp60, hsp72, hsp73, grp78 and hsp90 were not altered during the feeding regimen.
No alterations in HSP levels was noted in GSTp-positive preneoplastic enzyme-altered foci compared with the surrounding tissue.
Increased transcription of heat-shock genes following heat shock is mediated through activation of heat-shock factor 1, which binds to positive-acting elements found in the promotor regions (12) . Differential induction of HSPs by certain stresses has been shown (13) , and can in some cases be related to activation of different subforms of heat-shock factors (14) . The finding of an increased expression of hsp27, but not of the other HSPs examined, suggests that either the inducing signal is specific for hsp27 or that hsp27 is an especially sensitive marker for some stresses. Hsp27 was selectively induced in perivenous hepatocytes. In the same lobular area, a decreased expression of glutamine synthetase levels has been reported following AAF exposure. This has been proposed to be a response to mild cytotoxic stress (15, 16) . Since several of the AAF metabolizing phase I enzymes, such as cytochrome P4501A2 (17) and aryl sulphotransferase IV (18) , are localized mainly in perivenous areas of the liver lobule, it is likely that the concentration of at least some reactive AAF metabolites are high in such areas.
Overexpression of hsp27 has been shown to mediate increased tolerance towards heat, oxidative stress and drugs (19) . Recently, hsp27 has been shown to be able to suppress TNFα and Fas/APO-1-mediated apoptosis (20, 21) . A decrease in intracellular reactive oxygen species is a proposed mechanism for the anti-apoptotic action of hsp27 (20, 22) . An increase in apoptosis in hepatocytes following AAF exposure has been described (23, 24) . The formation of reactive oxygen species does not seem to be a cause of acute AAF toxicity (7); however, AAF has been shown to stimulate mitochondrial respiration, an effect proposed to contribute to chronic toxicity (25) . Whether hsp27 is involved in protection against p53-dependent apoptosis is currently unclear (26) . However, among the best described functions of hsp27 is its role in stabilizing actin filaments (27, 28) . The interaction of hsp27 with actin may explain the high expression of hsp27 in smooth muscle cells (29) . Indeed, AAF has been shown to induce actin filament fragmentation in hepatocytes in vitro (30) . One might therefore hypothesize that hsp27 plays a role in protecting the cytoskeleton during long-term AAF exposure.
In liver, increased transcription of genes of the HSP70 and HSP90 families has been shown following acute and chronic administration of complete hepatocarcinogens (31) . Continuous AAF exposure was reported to give a moderate increase in hsp90 mRNA after 1 week of feeding, which plateaued after 1562 4 weeks. In our experiments, an increase in the hsp90 protein level was not seen, which might be explained by an insignificant increase of total hsp90 protein in relation to the moderate increase in hsp90 mRNA levels reported.
Preneoplastic and neoplastic lesions often show an increased drug resistance. A major cause of this resistance seems to be an altered metabolism of xenobiotics (5) . Although activating AAF metabolism is low in preneoplastic and neoplastic liver lesions, significant DNA adduct levels have been identified in noduli from AAF-exposed rats (32) . HSPs are overexpressed in several tumour types (2) . In liver, neoplasias overexpressing hsp27 have been shown (33, 34) and overexpression of hsp73 and grp78 has been demonstrated in fast growing, hepatoma cell lines (35). HSPs might contribute to an increased stress tolerance, and thus to a resistant phenotype during tumour promotion, a process that allows for selective growth of initiated cells. In the present study, enzyme-altered preneoplastic foci were promoted by two different regimens involving AAF. In neither model was altered HSP expression observed in preneoplastic foci. It should be noted that only GSPppositive foci were examined. However, GSTp has been shown to be an exceptionally efficient marker for preneoplastic foci in rat hepatocarcinogenesis (36, 37) , and is detected in close to 90% of enzyme-altered foci in the RH model (36) . Although overexpression of HSPs in a subpopulation of preneoplastic foci cannot be excluded, HSP induction does not seem to be a common mediator of the early resistant phenotype, but may play a role in later stages of tumour progression.
